The poly(A) tail is a crucial determinant in the control of both mRNA translation and decay. Poly(A) tail length dictates the triggering of the degradation of the message body in the major 59 to 39 and 39 to 59 mRNA decay pathways of eukaryotes. In the 59 to 39 pathway oligoadenylated but not polyadenylated mRNAs are selectively decapped in vivo, allowing their subsequent degradation by 59 to 39 exonucleolysis. The conserved Lsm1p-7p-Pat1p complex is required for normal rates of decapping in vivo, and the purified complex exhibits strong binding preference for oligoadenylated RNAs over polyadenylated or unadenylated RNAs in vitro. In the present study, we show that two lsm1 mutants produce mutant complexes that fail to exhibit such higher affinity for oligoadenylated RNA in vitro. Interestingly, these mutant complexes are normal with regard to their integrity and retain the characteristic RNA binding properties of the wild-type complex, namely, binding near the 39-end of the RNA, having higher affinity for unadenylated RNAs that carry U-tracts near the 39-end over those that do not and exhibiting similar affinities for unadenylated and polyadenylated RNAs. Yet, these lsm1 mutants exhibit a strong mRNA decay defect in vivo. These results underscore the importance of Lsm1p-7p-Pat1p complex-mRNA interaction for mRNA decay in vivo and imply that the oligo(A) tail mediated enhancement of such interaction is crucial in that process.
INTRODUCTION
The poly(A) tail length is an important determinant of mRNA function. Presence of long poly(A) tails at the 39-end facilitates the translation of the mRNA by recruiting the poly(A) binding protein, which interacts with the eIF4G subunit of the cap binding complex (Tarun and Sachs 1996; Wells et al. 1998; Mangus et al. 2003; Amrani et al. 2008 ). On the other hand, such long 39-poly(A) tails typically render the mRNAs resistant to degradation in eukaryotes wherein mRNAs carrying a short 39-oligo(A) tail are susceptible to decay. Thus, in both of the major eukaryotic mRNA decay pathways, namely, the 39 to 59 and 59 to 39 pathways, the initial step is poly(A) shortening or deadenylation, which results in the production of oligoadenylated mRNA from polyadenylated mRNA Coller and Parker 2004; Meyer et al. 2004; Parker and Song 2004; Yamashita et al. 2005) .
In the 59 to 39 pathway, poly(A) shortening of the mRNA triggers the removal of cap structure at the 59-end of the oligoadenylated mRNA, which then permits the 59 to 39 exonucleolytic degradation of the mRNA body by the Xrn1p exonuclease (Decker and Parker 1993; Hsu and Stevens 1993; Muhlrad et al. 1994; Beelman et al. 1996; Dunckley and Parker 1999) . Decapping is a very precisely controlled step in this pathway, and several factors are known to affect rates of decapping in vivo (Coller and Parker 2004) . The translation initiation machinery including the poly(A) binding protein is antagonistic to decapping (Caponigro and Parker 1995; Coller et al. 1998; Schwartz and Parker 1999; Wilusz et al. 2001; Ramirez et al. 2002; Khanna and Kiledjian 2004) . On the other hand, several other factors like Pat1p, Dhh1p, Lsm1p-7p complex, and Edc proteins function as activators of decapping and hence are required for normal rates of decapping in vivo (Boeck et al. 1998; Bonnerot et al. 2000; Bouveret et al. 2000; Tharun et al. 2000; Coller et al. 2001; Dunckley et al. 2001; Fischer and Weis 2002; Kshirsagar and Parker 2004) .
These activators of decapping along with the decapping enzyme, 59 to 39 exonuclease Xrn1p, mRNAs targeted for decay, and mRNA decay intermediates of the 59 to 39 pathway are localized in discrete cytoplasmic sites called P-bodies, which are conserved in all eukaryotes (Ingelfinger et al. 2002; Sheth and Parker 2003; Teixeira et al. 2005) .
The Lsm1p-7p complex made of seven Sm-like proteins, Lsm1p through Lsm7p, is highly conserved in all eukaryotes (Salgado-Garrido et al. 1999; Bouveret et al. 2000; Tharun et al. 2000) . Lsm1p is the key subunit that distinguishes this complex from the related U6 snRNP associated nuclear complex, Lsm2p-8p, which is made of the seven Sm-like proteins Lsm2p through Lsm8p (Achsel et al. 1999; Mayes et al. 1999; Bouveret et al. 2000) . The Lsm1p-7p complex physically interacts with other decay factors Pat1p, Dhh1p, and Xrn1p (Bonnerot et al. 2000; Bouveret et al. 2000; Tharun et al. 2000; Coller et al. 2001) . Importantly, it preferentially associates in vivo with a pool of oligoadenylated mRNPs that is bound to the decapping enzyme but not the translation factors (Tharun et al. 2000; Tharun and Parker 2001) . Thus an mRNP transition involving removal of translation factors and recruitment of decay factors seems to be important to trigger decapping (Tharun et al. 2000; Tharun and Parker 2001) . Decapping may also involve additional events, like transport of the mRNP to P-bodies. However, the precise nature and order of the events constituting decapping is not clear.
Recently we showed that the purified Lsm1p-7p-Pat1p complex has a strong binding preference for oligoadenylated RNAs over unadenylated and polyadenylated RNAs in vitro (Chowdhury et al. 2007) . This is consistent with its in vivo role as decapping activator in the 59 to 39 pathway wherein oligoadenylated mRNAs are selectively decapped. In the present study we have analyzed two lsm1 mutants (lsm1-9 and lsm1-14) (Tharun et al. 2005 ) that produce mutant complexes that fail to show binding preference for oligoadenylated RNAs. These mutant complexes are normal with regard to their integrity and are similar to the wild-type complex in several aspects, like binding near the 39-end of the RNA, having higher affinity for unadenylated RNAs carrying U-tracts near their 39-ends over those that do not, and exhibiting similar affinities for unadenylated and polyadenylated RNAs. Nevertheless, mRNA decay is severely impaired in these mutant cells, implying that the ability of the Lsm1p-7p-pat1p complex to bind preferentially to oligoadenylated RNAs is crucial for mRNA decapping in vivo.
RESULTS

Purified mutant complexes contain all the component proteins
The lsm1-9 and lsm1-14 mutants bear lesions in the predicted RNA contacting surfaces of Lsm1p and are inhibited in mRNA decay in vivo (Tharun et al. 2005) . The decay defect is not due to the decreased accumulation of the mutant Lsm1p proteins in these cells (Tharun et al. 2005) . In both mutants, Lsm2p, Lsm7p, and (mutant) Lsm1p localize to the P-bodies just as in wild-type cells (Tharun et al. 2005) . This suggested that the Lsm1p-7p complex integrity is not impaired in these mutants because such integrity is critical for localization to P-bodies of the Lsm1p through Lsm7p proteins (Ingelfinger et al. 2002) . To confirm this, we purified the Lsm1p-containing complex from each of these mutants following the strategy we used in the past (Chowdhury et al. 2007 ). Briefly, we used yeast strains expressing FLAG-lsm1 (wild type or mutant) and LSM5-6xHis as the only copies of these genes from their native promoters and purified the complex by sequential affinity chromatography exploiting the two epitope tags. SDS-polyacrylamide gel electrophoretic (SDS-PAGE) analysis revealed that the band pattern of the mutant complexes is very similar to that of the wild-type complex (Fig. 1) . Mass spectrometry analysis of the complexes isolated from lsm1-9 and lsm1-14 cells revealed, based on tryptic peptides with unambiguous sequence match, that each of them contain all seven Lsm proteins and Pat1p (5, 4, 3, 2, 1, 3, 2, and 3 peptides for Lsm1p through Lsm7p and Pat 1p, respectively, in the case of the complex isolated from lsm1-9 cells and 4, 8, 4, 3, 2, 4, 2, and 13 peptides for Lsm1p through Lsm7p and Pat1p proteins in the case of complex purified from lsm1-14 cells) (see Supplemental Table 1 ). FIGURE 1. Lsm1p-7p-Pat1p complexes isolated from lsm1-9 and lsm1-14 mutants show a band pattern similar to the wild-type complex in SDS-PAGE. Lsm1p-7p-Pat1p complexes purified from LSM1, lsm1-9, and lsm1-14 cells (lanes 1,2,3, respectively) as described in Materials and Methods were subjected to SDS-PAGE separation followed by visualization of the bands by silver staining. Positions of the molecular weight markers are shown on the left. Identity of the protein bands is indicated on the right wherein asterisks mark the higher mobility species of Pat1p (Chowdhury et al. 2007 ).
Measurements of MFA2pG mRNA half-life revealed that epitope tagging did not affect the severity of the mRNA decay defect of the lsm1-9 and lsm1-14 alleles (Tharun et al. 2005 ; data not shown).
Purified mutant complexes are able to bind RNA The fact that the mutant complexes purified from the lsm1-9 and lsm1-14 cells are not significantly affected in their integrity raised the possibility that these complexes may be able to bind RNA. Therefore, we studied the RNA binding characteristics of these purified mutant complexes. First, the binding affinity of these complexes for radiolabeled MFA2 RNA (made by in vitro transcription using a-32 P-UTP) (see Materials and Methods) was studied using gel mobility shift assays. The MFA2 RNA contains the 39-most 42 nucleotides (nt) of MFA2 39 UTR preceded by two G's at the 59-end (see Fig.  2 ; Chowdhury et al. 2007 ). RNA binding reactions were carried out using a constant amount of the substrate RNA and increasing concentrations of the purified complex such that the molar concentration of the RNA is several-fold lower than the lowest molar concentration of the purified complex used in the experiment. As seen in Figure 2 , the MFA2 RNA is bound quite well by the mutant complexes. While this RNA was bound by the wild-type complex and Lsm1-14p containing complex with comparable affinities (apparent K D of z50 nM and z45 nM, respectively), the affinity was moderately decreased in the case of Lsm1-9p containing complex (apparent K D of z86 nM). These results and additional studies with PGK1 RNA (see below) ( Fig. 3) together reveal that, although the RNA binding ability of the mutant complexes is decreased, it is not fully abolished.
The mutant complexes do not exhibit enhanced affinity toward oligoadenylated RNAs over unadenylated RNAs A unique RNA binding property of the wild-type Lsm1p-7p-Pat1p complex is its strong binding preference for oligoadenylated RNA over unadenylated and polyadenylated RNA (Chowdhury et al. 2007) . Therefore, in order to test if the mutant complexes purified from lsm1-9 and lsm1-14 cells possess this property, we compared their affinities for unadenylated and oligoadenylated RNA substrates using gel shift assays. As shown in Figure 2 and consistent with our earlier studies (Chowdhury et al. 2007 ), the wild-type complex showed several-fold higher affinity (apparent K D of z8 nM) for the MFA2-A5 RNA (MFA2 RNA with a 39-A 5 tail; see Fig. 2 ; Chowdhury et al. 2007 ) than for MFA2 RNA. However, the complex purified from neither lsm1-9 nor lsm1-14 cells exhibited such higher affinity for MFA2-A5 RNA over the MFA2 RNA. Thus, comparison of relative affinities for the MFA2 and MFA2-A5 RNAs reveals an FIGURE 2. Mutant Lsm1p-7p-Pat1p complexes purified from lsm1-9 and lsm1-14 cells are unable to recognize oligoadenylated status of RNAs. Gel mobility shift assays were carried out as described in Materials and Methods using MFA2, MFA2-A5, or MFA2-6xUD (phosphorimages in the first, second, and third panels, respectively, from top) RNA with BSA (lane 1) or increasing concentrations of the complex purified from LSM1 (lanes 2-7), lsm1-9 (lanes 8-13), or lsm1-14 (lanes 14-19) cells. RNA binding was quantitated using a PhosphorImager, and plots of the fraction of RNA bound versus the concentration of the purified complex are shown on the right. Sequences of the RNAs used are shown in the bottom. Asterisks indicate the position of the gel shifted RNA in the gel pictures.
important difference between the wild-type and mutant complexes; i.e., addition of 39-oligo(A) tail stimulates RNA binding by the wild-type but not mutant complexes. Such impairment of the mutant complexes is not specific to MFA2 RNA, because similar results were also obtained when the affinities of these complexes for PGK1 (39-most 42 nt of PGK1 39UTR preceded by two G's; see Fig. 3 ; Chowdhury et al. 2007 ) and PGK1-A5 (PGK1 RNA with a 39-A 5 tail; see Fig. 3) RNAs were compared. As shown in Figure 3 and as expected, the wild-type complex had a much higher affinity for PGK1-A5 RNA than for PGK1 RNA (apparent K D of z5 nM and z54 nM, respectively). However, the complex purified from lsm1-14 cells bound to both PGK1 and PGK1-A5 RNAs with comparable affinities (apparent K D of 74 nM and 90 nM, respectively). The complex purified from lsm1-9 mutant also exhibited similar behavior. Additional studies also revealed that the complex purified from lsm1-14 cells has comparable affinities for the unadenylated and 39-pentaadenylated versions of RPL41A RNA (39-most 42 nt of RPL41A 39UTR preceded by two G's) (see Supplemental Fig. 1 ; Chowdhury et al. 2007 ). Thus, although the mutant complexes are able to bind RNA, their ability to preferentially bind to oligoadenylated RNA (over unadenylated RNA) is impaired, suggesting that they are different from the wild-type complex in the manner in which they bind the RNA. The lack of enhanced affinity of the mutant complexes for the oligoadenylated RNAs was reproducibly observed in multiple experiments.
Our results show that the mutant complexes have a significantly lower affinity for the MFA2-A5 RNA compared to MFA2 RNA (Fig. 2) . In order to test if this is due to a specific inhibition by the 39-oligo(A) tail of the RNA binding by the mutant complexes, we compared the affinities of the mutant complexes for MFA2 and MFA2-CAGAC RNAs. The MFA2-CAGAC RNA is nothing but MFA2 RNA with the pentanucleotide CAGAC added to its 39-end. We observed that just like the MFA2-A5 RNA, the MFA2-CAGAC RNA was also bound with lower affinity than the MFA2 RNA by the mutant complexes (Fig. 4) . Thus, addition of not only a 5-nt-long oligo(A) tail but also a 5-nt-long tail of non-oligo(A) sequence at the 39-end of MFA2 RNA inhibits the binding of that RNA by the mutant complexes. This suggests that the weaker binding of the MFA2-A5 RNA than the MFA2 RNA by the mutant complexes does not involve a specific recognition of the oligo(A) tail by the mutant complexes. Consistent with this, the addition of 39-A 5 tail does not cause a strong inhibition of binding by the mutant complexes in the case of PGK1 and RPL41A RNAs ( Fig. 3; Supplemental Fig. 1) . Importantly, the 39-oligo(A) tail-mediated stimulation of RNA binding by the wild-type complex is specific to oligo(A) and replacement of the oligo(A) tail with nonoligo(A) sequence like CAGAC (Fig. 4) or other type of homo-oligomeric tails (Chowdhury et al. 2007 ) fails to cause such stimulation. FIGURE 3. Inability of the mutant complexes to recognize the 39-oligo(A) tail is not RNA specific. Gel mobility shift assays were carried out as described in Materials and Methods using PGK1 (lanes 1-7) or PGK1-A5 (lanes 8-14) RNA with BSA (lanes 1,14) or increasing concentrations of the complex purified from LSM1, lsm1-9, or lsm1-14 cells (phosphorimages in top, middle, and bottom panels, respectively). Plots of the fraction of RNA bound versus the concentration of the purified complex are shown on the right. Sequences of the RNAs used are shown in the bottom.
Binding of unadenylated RNA by the mutant complexes is facilitated by the presence of U-tract near the 39-end
We showed recently that in the case of RNAs lacking an Atail, the Lsm1p-7p-Pat1p complex has a binding preference for those that carry an uninterrupted stretch of $6 U residues near their 39-ends (Chowdhury et al. 2007 ). Therefore we studied the effect of lsm1-9 and lsm1-14 mutations on this property of the Lsm1p-7p-Pat1p complex by determining the relative affinities for the MFA2 and MFA2-6xUD RNAs of the complexes purified from the LSM1, lsm1-9, and lsm1-14 cells. The MFA2-6xUD RNA is an altered version of the MFA2 RNA in which the stretch of six U residues near the 39-end has been deleted, and as a result this RNA binds several-fold weaker than the MFA2 RNA to the wild-type Lsm1p-7p-Pat1p complex (Chowdhury et al. 2007 ). As seen in Figure 2 , the complexes purified from both mutants (lsm1-9 and lsm1-14) exhibited severalfold lower affinity for the MFA2-6xUD RNA than the MFA2 RNA just like the complex purified from the wildtype cells. Strengths of the secondary structures predicted by the Mfold program (Zuker 2003 ) for these two RNAs were similar and low (À2.5 kcal/mol and À2.3 kcal/mol, respectively), suggesting that secondary structural differences are less likely to be the cause of the binding difference. Thus, similar to the wild-type complex, the mutant complexes also exhibit a binding preference for RNAs that carry a U-tract near the 39-end compared to those that do not. This was further supported by additional studies, which revealed that similar to the wild-type complex (Chowdhury et al. 2007 ), the mutant complexes also bound the RPP2B and TEF1 RNAs (which are poor binding substrates for the wild-type complex because they lack an uninterrupted stretch of $6 U's near the 39-end) (Chowdhury et al. 2007 ) with much lower affinity than the MFA2 RNA (Supplemental Fig. 2 ; data not shown).
Mutant complexes bind near the 39-end of the RNA
The purified wild-type Lsm1p-7p-Pat1p complex binds near the 39-end of the RNA, consistent with its ability to sense changes at the 39-end, e.g., presence or absence of oligo(A) tail (Chowdhury et al. 2007 ). Therefore, we asked if the mutant complexes purified from lsm1-9 and lsm1-14 cells [which are unable to recognize the 39-oligo(A) tail] also bind near the 39-end of the RNA. We carried out oligonucleotide inhibition experiments with the mutant complex purified from lsm1-14 cells using the MFA2(u) RNA as described earlier (Chowdhury et al. 2007 ). The MFA2(u) RNA is same as MFA2 RNA except for the presence of three additional U's at the 39-end (Chowdhury et al. 2007 ). As shown in Figure 5A (upper panel), the binding of the mutant complex to the MFA2(u) RNA could be inhibited by annealing to that RNA an oligonucleotide complementary to its 39-region. Oligonucleotides complementary to other regions of this RNA did not significantly inhibit the binding, although they were able to anneal to the RNA as efficiently as the oligo spanning the 39-region as revealed by sensitivity to RNase-H of the oligo annealed RNAs (Fig. 5A, lower panel) . Similar results were also obtained with the complex purified from lsm1-9 cells (data not shown). These results suggest that the mutant complexes bind near the 39-end of the RNA similar to the wildtype complex.
Mutant complexes exhibit comparable affinities for unadenylated and polyadenylated RNAs similar to wild-type complex
The wild-type Lsm1p-7p-Pat1p complex binds unadenylated and polyadenylated RNAs with equal affinities but binds oligoadenylated RNA with higher affinity (Chowdhury et al. 2007 ). Since addition of a 39-pentaadenylate tail to the FIGURE 4. Binding of MFA2 RNA by the mutant complexes is also impaired by addition of a pentanucleotide non-oligo(A) tail at the 39-end. Gel mobility shift assays were carried out as described in Materials and Methods using MFA2 or MFA2-CAGAC RNAs (indicated below the phosphorimages) with BSA or increasing concentrations of the complex purified from LSM1, lsm1-9, or lsm1-14 cells (indicated above the phosphorimages). Fraction of RNA bound in the different reactions (quantitated using a PhosphorImager) is shown as a bar diagram in the lower panel. The numbers of the lanes in the upper panel that correspond to each pair of bars in the bar diagram are shown below the bars. In each set of reactions (LSM1, lsm1-9, or lsm1-14), the fraction of RNA bound is normalized to the value obtained with the MFA2 RNA at the highest concentration of the purified complex used. (Figs. 2, 3) , we asked if presence of a longer A-tail would have an effect. So, we compared the affinity of the wild-type and mutant complexes for MFA2(u) RNA and the MFA2(u)A55 RNA (MFA2(u) RNA carrying an A 55 tail). The wild-type complex bound to both of these RNAs with similar affinities consistent with our earlier results (Chowdhury et al. 2007) , and, importantly, the mutant complexes behaved in the same way as well (Fig. 5B) . Similar studies showed that addition of an A-tail of intermediate length (20 A residues) also failed to enhance the RNA binding by the mutant complexes (data not shown). These results suggest that the inability of the mutant complex to recognize the pentaadenylate tail is not because its length is insufficient.
Unadenylated mRNA is not a good substrate for Lsm1p-mediated decay in vivo
The results presented above show that, unlike the wild-type Lsm1p-7p-Pat1p complex, the mutant complexes (made in lsm1-9 and lsm1-14 cells) do not exhibit a binding preference for oligoadenylated RNA over unadenylated RNA. However, the mutant complexes are not affected in their integrity and retain important RNA binding properties of the wild-type complex, like binding near the 39-end and recognition of U-tracts near the 39-end. Given the fact that the lsm1-9 and lsm1-14 cells are impaired in mRNA decay in vivo, these observations suggest that the presence of 39-oligo(A) tail on the mRNA is likely to be very important for Lsm1p-mediated decay of the mRNA in vivo. In order to test this idea, we studied the decay of an unadenylated mRNA whose 39-end was generated via ribozyme cleavage in vivo. We used the construct expressing (from GAL promoter) the mRNA carrying Protein A and GFP coding regions separated by the hammerhead ribozyme sequence (see Fig. 6 ; Meaux and Van Hoof 2006) . Upon ribozyme cleavage in vivo, a 59-fragment of this mRNA coding for Protein A and lacking poly(A) tail is generated (Meaux and Van Hoof 2006) . We determined the half-life of this unadenylated mRNA in lsm1D, wild-type, ski2D and ski2D lsm1D cells. As seen in Figure  6 , this mRNA decays with a short halflife of 3 min in wild-type cells, and its stability is not significantly affected in lsm1D cells. Since oligoadenylated mRNAs are known to be significantly stabilized in lsm1D cells (Boeck et al. 1998; Bouveret et al. 2000; Tharun et al. 2000; Muhlrad and Parker 2005) , this observation implies that the presence of 39-oligo(A) tail is important for Lsm1p-mediated decay of mRNA in vivo. Consistent with this, the unadenylated Protein A mRNA decays primarily via the 39 to 59 decay pathway as revealed by its clear stabilization (half-life of 8 min) in the ski2D cells wherein the 39 to 59 pathway of decay is blocked. Earlier studies also showed that the 39 to 59 pathway is the major mode of decay of this unadenylated mRNA (Meaux and Van Hoof 2006) . Our studies presented here and earlier FIGURE 5. Like the wild-type complex, the mutant complexes also bind near the 39-end of the RNA and exhibit similar affinities for unadenylated and polyadenylated RNAs. (A) Mutant complex purified from lsm1-14 cells binds near the 39-end of the RNA. Radiolabeled MFA2(u) RNA was annealed to DNA oligonucleotides oST214, oST215, oST216, a nonspecific DNA oligonucleotide, or no oligonucleotide (indicated above the lanes in upper panel) and then the annealed RNA (at a final concentration of 0.333 nM) was used for gel shift assays (top panel) as described in Materials and Methods with the complex isolated from lsm1-14 cells (at a final concentration of 143 nM) or subjected to RNase-H treatment followed by separation on denaturing gels and autoradiography (middle panel). Regions of MFA2(u) RNA spanned by the oligonucleotides oST214, oST215, and oST216 are shown schematically in the bottom panel. Positions of the gel shifted RNA and the 50-mer marker are indicated on the right in the top and middle panels, respectively. (B) Mutant complexes (isolated from lsm1-9 and lsm1-14 cells) bind to unadenylated and polyadenylated RNA with similar affinities like the wild-type complex. Gel mobility shift assays were carried out using MFA2(u) or MFA2(u)A55 RNA (indicated below the lanes in the upper panel) with BSA (lanes marked ''B'') or increasing concentrations (14 nM, 56 nM, and 140 nM) of the complex purified from LSM1, (lanes 1,2,3) lsm1-9 (lanes 4,5,6), or lsm1-14 (lanes 7,8,9) cells. Asterisks mark the positions of minor bands of unbound RNA possibly representing alternate secondary structures. Fraction of RNA bound in the different reactions (quantitated using a PhosphorImager) is shown as a bar diagram in the lower panel. The numbers of the lanes in the upper panel that correspond to each pair of bars in the bar diagram are shown below the bars. In each set of reactions (LSM1, lsm1-9, or lsm1-14), the fraction of RNA bound is normalized to the value obtained with the MFA2(u) RNA at the highest concentration of the purified complex used.
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RNA, Vol. 14, No. 10 (Chowdhury et al. 2007) show that although the purified wild-type Lsm1p-7p-Pat1p complex has a higher affinity toward oligoadenylated RNA (than unadenylated RNA), its affinity for unadenylated RNA is also quite significant. This suggests that unadenylated mRNA is unlikely to be completely immune to Lsm1p-mediated decay in vivo and that such decay is likely to be at least a minor mode of decay for the unadenylated mRNA. In order to test this, we asked if Lsm1p becomes important for the decay of the unadenylated Protein A mRNA when the 39 to 59 decay is blocked. As shown in Figure 6 , in a ski2D lsm1D strain this mRNA decays with a much longer half-life (20 min) compared to ski2D strain. Thus, absence of Lsm1p affects the stability of the unadenylated Protein A mRNA only under the conditions in which 39 to 59 decay is already blocked (ski2D background) but not under normal conditions (wild-type background). This suggests that the decay of unadenylated mRNA is much less efficient via the Lsm1p-mediated 59 to 39 pathway. Since it is known that the Lsm1p-mediated 59 to 39 decay is a major mode of decay for oligoadenylated mRNAs in yeast (Boeck et al. 1998; Bouveret et al. 2000; Tharun et al. 2000; Muhlrad and Parker 2005) , these observations support the notion that the presence of 39-oligo(A) tail is crucial for the normal rates of Lsm1p-mediated 59 to 39 decay of mRNAs in vivo.
DISCUSSION
The highly conserved Lsm1p-7p-pat1p complex is a key activator of decapping in the 59 to 39 mRNA decay pathway of eukaryotes, wherein oligoadenylated but not polyadenylated mRNAs are selectively decapped. Consistently, the purified Lsm1p-7p-Pat1p complex has a strong binding preference for oligoadenylated RNA over unadenylated and polyadenylated RNA in vitro (Chowdhury et al. 2007 ). The studies on the lsm1-9 and lsm1-14 mutants presented here reveal that loss of such binding preference of the Lsm1p-7p-Pat1p complex can result in inhibition of mRNA decay in vivo. Mutant complexes made in the lsm1-9 and lsm1-14 cells fail to show enhanced affinity for oligoadenylated RNAs over unadenylated or polyadenylated RNAs but are similar to the wild-type complex with regard to several RNA binding properties like binding near the 39-end of the RNA, having higher affinity for unadenylated RNAs that carry U-tracts near the 39-end over those that do not, and exhibiting similar affinities for unadenylated and polyadenylated RNAs. Yet these mutants are clearly defective in mRNA decay in vivo. These observations suggest that the oligo(A) tail-mediated augmentation of Lsm1p-7p-Pat1p complex interaction with the mRNA is important for efficient targeting of the mRNA by the 59 to 39 pathway. Consistent with such an idea, the in vivo decay of unadenylated mRNA (generated by ribozyme cleavage) is much less efficient via the 59 to 39 pathway than the 39 to 59 pathway.
Although the lsm1-9 and lsm1-14 alleles bear lesions in the predicted RNA binding residues of Lsm1p, the mutant complexes made in lsm1-9 and lsm1-14 cells have not completely lost their RNA binding ability and have retained many of the RNA binding properties of the wild-type complex. This could be due to two reasons. First, in each of these alleles only a subset of the predicted RNA binding residues of Lsm1p is changed (Tharun et al. 2005) . Second, the subunits other than Lsm1p (Lsm2p through Lsm7p and Pat1p) could also play a substantial role in binding RNA. In fact, structural studies on the Sm-like protein complexes Hfq and AF-Sm1 show that adjacent nucleotide bases of the RNA contact different subunits of the complex (Toro et al. 2001; Schumacher et al. 2002) such that RNA binding is determined by the collective interactions of multiple subunits. In any case, consistent with the mutations affecting the predicted RNA binding residues of Lsm1p in these mutants, the overall RNA binding ability of the mutant complexes is lower than that of the wild-type complex (Figs. 2-5) .
Our in vitro studies clearly show that the inability of the mutant complexes to recognize oligoadenylated RNAs is due to their decreased affinity (compared to the wild-type complex) for such RNAs and not because their affinity for unadenylated and polyadenylated RNAs is increased (compared to the wild-type complex) to a level that they are FIGURE 6. LSM1 is necessary for the decay of unadenylated mRNA in vivo when 39 to 59 decay is blocked. A schematic diagram of the reporter gene construct used for this experiment (Meaux and Van Hoof 2006) is shown on top. The 59-fragment of ribozyme mediated cleavage of the transcript encoded by this gene construct is the unadenylated Protein A mRNA whose half-life is measured in this experiment. Cells were grown to log phase in galactose medium to express the reporter mRNA, whose transcription is then shut off by shifting cells to glucose medium. Following this, RNA was made from the cells at different time points and subjected to Northern analysis followed by PhosphorImager quantitation of the bands to determine the rate of disappearance of the Protein A mRNA. Level of this mRNA in each sample was normalized for that of 7S RNA of SRP (to serve as loading control), which was determined by reprobing the blot for that RNA. Strains used for the experiment and the half-lives determined are shown on the left and right of the Northern blot phosphorimages. lsm1 mutations affecting oligo(A) tail recognition www.rnajournal.org 2155 bound as efficiently as the oligoadenylated RNAs (Figs. 2-5 ). Since oligoadenylated mRNAs are the main substrates for decapping in vivo, this implies that the less efficient binding of oligoadenylated mRNAs by the mutant Lsm1p-7p-Pat1p complexes is likely to be at least one of the reasons for the impairment of mRNA decay observed in lsm1-9 and lsm1-14 cells.
Our studies show that addition of a 39-A 5 tail to the RNA stimulates RNA binding by the wild-type complex but not RNA binding by the mutant complexes purified from lsm1-9 and lsm1-14 cells. Although in the case of MFA2 RNA, addition of 39-A 5 tail results in inhibition of binding by the mutant complexes (while it leads to stimulation of binding by the wild-type complex), such inhibition is also observed upon adding 5-nt-long non-oligo(A) sequence, CAGAC to the 39-end of MFA2 RNA. These results suggest that the mutant complexes are impaired in their ability to specifically recognize the oligo(A) tail. Given this, the lower affinity of the mutant complexes for the MFA2-A5 and MFA2-CAGAC RNAs (compared to MFA2 RNA) could be because these RNAs are perceived by the mutant complexes as substrates that carry the U-tract farther from the 39-end. Because we have shown earlier that while the presence of U-tract near the 39-end stimulates RNA binding by the Lsm1p-7p-Pat1p complex, such stimulation is impaired if the U-tract is moved away from the 39-end (Chowdhury et al. 2007) . Consistent with this, although addition of 39-A 5 tail to MFA2 RNA stimulates its binding by the wildtype complex, addition of the CAGAC sequence at the 39-end of this RNA results in impairment of binding by the wild-type complex (Fig. 4) . Finally, the U-tract is 4 nt away from the 39-end in MFA2 RNA but is at the very 39-end or just 1 nt away from the 39-end in the PGK1 and RPL41A RNAs, respectively. Therefore, this and other primary structural differences between the MFA2 and the latter two RNAs could be responsible for the differential effects of 39-A 5 tail addition to these RNAs on the binding by the mutant complexes.
Our results argue that the Lsm1p subunit is crucial for the unique ability of the Lsm1p-7p-Pat1p complex to preferentially bind to oligoadenylated RNAs (Chowdhury et al. 2007) . This is consistent with the fact that Lsm1p is a key subunit that distinguishes this complex from the related Lsm2p-8p complex. However, this does not rule out a role for the Pat1p subunit in this function since Pat1p also associates specifically with the Lsm1p-7p complex but not Lsm2p-8p complex (Bouveret et al. 2000; Tharun et al. 2000) . Further, Pat1p by itself can bind poly(U) (Pilkington and Parker 2008) . Therefore, both Lsm1p and Pat1p are likely to be involved in the recognition of oligo(A) tail and U-tracts at the 39-end.
We showed earlier that in both lsm1-9 and lsm1-14 mutants, Lsm2p, Lsm7p, and (mutant) Lsm1p localize to the P-bodies just as in wild-type cells (Tharun et al. 2005) . Our results presented here show that the RNA binding ability of the mutant complexes made in these cells is not completely abolished. These observations together suggest that in the lsm1-9 and lsm1-14 mutants, transport of mRNP to P-bodies may occur normally and decay could be blocked at any of the later step(s) involving the activation of the decapping enzyme.
Our studies on the decay of unadenylated mRNA (generated by ribozyme cleavage) reveal that such mRNA is poorly targeted by the Lsm1p-mediated 59 to 39 decay pathway in vivo and therefore decays mainly via the 39 to 59 pathway. This is in contrast to the known fact that oligoadenylated mRNAs mainly decay via the Lsm1p-mediated 59 to 39 pathway in yeast. These results together with the observations that mRNA decay in vivo is impaired in lsm1-9 and lsm1-14 mutants and that the mutant complexes made in these cells do not have enhanced affinity for the oligoadenylated RNAs over unadenylated RNAs imply that presence of 39-oligo(A) tail on the mRNA may be very important for efficient destruction of the mRNA through the Lsm1p-mediated 59 to 39 decay pathway. Thus, while the poly(A) tail plays a key role in facilitating translation, the oligo(A) tail of the mRNA could play an important role in promoting the 59 to 39 decay of the mRNA.
Interestingly, in prokaryotes 39-oligo(A) tail addition facilitates RNA degradation via 39 to 59 exonucleolytic attack by polynucleotide phosphorylase (PNPase) and RNase-II (Dreyfus and Regnier 2002; Kushner 2002) . Similarly, in eukaryotic nucleus, 39-oligo(A) tail addition by the TRAMP complex facilitates 39-processing and degradation of different RNAs by the exosome (Anderson 2005; Egecioglu et al. 2006) . This is presumably because the oligo(A) tail provides a single-stranded site for the 39 to 59 exonuclease to hold on to the RNA stably so that it can work through the upstream secondary structures. Our studies presented here reveal the significance of the 39-oligo(A) tail in facilitating decay from the 59-end. Thus oligo(A) tailed 39-end of RNA could serve as a recruiting site for factors facilitating decay from both 39-and 59-ends of the RNA in different cellular contexts.
MATERIALS AND METHODS
Yeast strains and plasmids
Strains used in this study are in the genetic background of yRP841 . The LSM1, lsm1-9, and lsm1-14 strains used for the purification of the Lsm1p-7p-Pat1p complex were made by transforming yST247 (Chowdhury et al. 2007 ) (MAT a, leu2, ura3, lys2, trp1, cup1DTLEU2(PM) , lsm1DTTRP1, LSM5-6xHis-NEO r ) with the plasmids pST17 (Chowdhury et al. 2007 ), pST66, and pST68, respectively. The lsm1D (yRP1365), ski2D (yRP1192), and lsm1D ski2D (yRP1424) strains have been previously described (He and Parker 2001) .
Mutations of lsm1-9 and lsm1-14 were introduced by the Quikchange mutagenesis procedure (Stratagene) using pST17 (Chowdhury et al. 2007) as the template to generate pST66 and pST68. The FLAG-lsm1 inserts in these plasmids carried the native flanking sequences (including the promoter and UTR) of LSM1. Plasmid construct coding for ribozyme cleaved mRNA (pAV226) has been described previously (Meaux and Van Hoof 2006) .
Protein purification and RNA analyses
Purification of mutant and wild-type complexes was carried out as described before (Chowdhury et al. 2007) . Radiolabeled RNA substrates for in vitro experiments were made by in vitro transcription using T7 RNA polymerase and a-32 P-labeled UTP as described earlier (Chowdhury et al. 2007 ). MFA2(u) and MFA2(u)A55 RNAs were made using plasmid template (Chowdhury et al. 2007) , while all the other RNAs were made using oligonucleotide templates with the help of the Mirvana kit (Ambion, Inc.). Purification of the substrate RNAs, RNA binding reactions, and gel shift analyses were done as described (Chowdhury et al. 2007 ). Concentration of the radiolabeled RNA substrate in the binding reaction was 0.33 nM for the experiment in Figure 5A . In all the other experiments, it was 0.05 nM so that the molar concentration of the radiolabeled RNA substrate is several-fold lower than the lowest molar concentration of the purified complex used in the experiment. In all the experiments, substrate RNA was heat denatured before it was included in the binding reaction. RNA substrates whose binding affinities are compared in an experiment [e.g., comparison of MFA2, MFA2-A5, and MFA2-6xUD RNAs; comparison of PGK1 and PGK1-A5 RNAs; comparison of MFA2(u) and MFA2(u)A55 RNAs] were always prepared and tested together. BSA was used at final 147 nM concentration in the control reactions.
Oligonucleotide inhibition experiments and RNase-H reactions were carried out as described (Chowdhury et al. 2007) . Northern analyses and determination of mRNA half-lives were also done as described before (Tharun and Parker 1999; Tharun et al. 2005) .
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